Abstract-To elucidate the role of epithelial sodium channels (ENaCs) and Na ϩ -K ϩ -ATPase in Na ϩ transport by the choroid plexus, we studied ENaC expression and Na ϩ transport in the choroid plexus. Lateral ventricle choroid plexuses were obtained from young male Wistar, Dahl salt-resistant (SS.BN13), and Dahl salt-sensitive (SS/MCW) rats on a regular (0.3%) or high-(8.0%) salt diet. The effects of ENaC blocker benzamil and Na ϩ -K ϩ -ATPase blocker ouabain on sodium transport were evaluated by measuring the amounts of retained 22 Na ϩ and by evaluating intracellular [Na ϩ ] with Sodium Green fluorescence. In Wistar rats, ENaC distribution was as follows: microvilli, 10% to 30%; cytoplasm, 60% to 80%; and basolateral membrane, 5% to 10%. Benzamil (10 Ϫ8 Key Words: sodium Ⅲ choroid plexus Ⅲ ENaC Ⅲ Na ϩ -K ϩ -ATPase Ⅲ Dahl rats Ⅲ hypertension S trict regulation of [Na ϩ ] in the cerebrospinal fluid (CSF) and, thus, the central nervous system is crucial for normal functioning of neurons. An increase in CSF [Na ϩ ] by as little as 2 mmol/L can increase the firing rate of neurons. 1,2 A chronic 5-mmol/L increase in CSF [Na ϩ ] causes sympathetic hyperactivity and hypertension. 3 Such a subtle increase in CSF [Na ϩ ] might be a primary abnormality in salt-induced hypertension. CSF [Na ϩ ] increases by Յ5 mmol/L in Dahl salt-sensitive (S) rats and spontaneously hypertensive rats on a high-salt diet, and this increase appears to precede the increase in blood pressure, whereas CSF [Na ϩ ] shows minimal changes in "salt-resistant" strains, such as Wistar-Kyoto and Dahl salt-resistant (R) rats. 3,4 The epithelium of the choroid plexus (CP) is the major site for production of CSF, which is later absorbed by arachnoid granulations. 5, 6 Net transport of Na ϩ between plasma and CSF is a balance of Na ϩ influx into and efflux out of the CP cells, which is accomplished by selective distribution and activity of a variety of enzymes and transporters. 7, 8 An increase in CSF [Na ϩ ] in Dahl S rats on a high-salt diet may, thus, be attributed to an increased efflux of Na ϩ into the CSF, decreased reuptake of Na ϩ from the CSF, or both. However, the actual mechanisms contributing to the increase in CSF [Na ϩ ] in Dahl S rats or spontaneously hypertensive rats on a high-salt diet have not yet been studied.
-K ϩ -ATPase in Na ϩ transport by the choroid plexus, we studied ENaC expression and Na ϩ transport in the choroid plexus. Lateral ventricle choroid plexuses were obtained from young male Wistar, Dahl salt-resistant (SS.BN13), and Dahl salt-sensitive (SS/MCW) rats on a regular (0.3%) or high-(8.0%) salt diet. The effects of ENaC blocker benzamil and Na ϩ -K ϩ -ATPase blocker ouabain on sodium transport were evaluated by measuring the amounts of retained 22 Na ϩ and by evaluating intracellular [Na ϩ ] with Sodium Green fluorescence. In Wistar rats, ENaC distribution was as follows: microvilli, 10% to 30%; cytoplasm, 60% to 80%; and basolateral membrane, 5% to 10%. Benzamil (10 Ϫ8 M) decreased 22 Na ϩ retention by 20% and ouabain (10 Ϫ3 M) increased retention by 40%, whereas ouabain and benzamil combined caused no change. Similar changes were noted in intracellular [Na ϩ ]. In Dahl rats on a regular salt diet, intracellular [Na ϩ ] was similar, but the amount of retained 22 Na ϩ was less in sensitive versus resistant rats. High salt did not affect ENaC mRNA or protein, nor the benzamil induced decreases in retained 22 Na ϩ or intracellular [Na ϩ ] in either strain. However, high salt increased intracellular [Na ϩ ] and attenuated the increase in uptake of 22 Na ϩ by ouabain in resistant but not sensitive rats, suggesting a decrease in Na ϩ -K ϩ -ATPase activity only in resistant rats. These findings suggest that both ENaC and Na causes sympathetic hyperactivity and hypertension. 3 Such a subtle increase in CSF [Na ϩ ] might be a primary abnormality in salt-induced hypertension. CSF [Na ϩ ] increases by Յ5 mmol/L in Dahl salt-sensitive (S) rats and spontaneously hypertensive rats on a high-salt diet, and this increase appears to precede the increase in blood pressure, whereas CSF [Na ϩ ] shows minimal changes in "salt-resistant" strains, such as Wistar-Kyoto and Dahl salt-resistant (R) rats. 3, 4 The epithelium of the choroid plexus (CP) is the major site for production of CSF, which is later absorbed by arachnoid granulations. 5, 6 Net transport of Na ϩ between plasma and CSF is a balance of Na ϩ influx into and efflux out of the CP cells, which is accomplished by selective distribution and activity of a variety of enzymes and transporters. 7, 8 An increase in CSF [Na ϩ ] in Dahl S rats on a high-salt diet may, thus, be attributed to an increased efflux of Na ϩ into the CSF, decreased reuptake of Na ϩ from the CSF, or both. However, the actual mechanisms contributing to the increase in CSF [Na ϩ ] in Dahl S rats or spontaneously hypertensive rats on a high-salt diet have not yet been studied.
A number of Na ϩ transporters mediate Na ϩ influx into the CP. On the basis of their distribution either on the apical or the basolateral surface, they contribute to the transport of Na ϩ from CSF or plasma into the CP cells along a prevailing electrochemical gradient. The Na ϩ channel blocker, amiloride, decreases Na ϩ transport into the CP and CSF. 9 -11 Blockade of the sodium hydrogen exchanger (NHE) was first thought to be responsible for this, but NHE proteins are almost undetectable in the CP of rats. 5, 12 Amiloride also blocks epithelial sodium channels (ENaCs), which we reported recently to be present in the CP of rats. 13 ENaCs are members of the amiloride-sensitive Na ϩ channels with 3 subunits, ␣, ␤, and ␥, forming a heteromultimeric Na ϩ channel in many transporting epithelia. 14 -16 Na ϩ -K ϩ -ATPase forms the major pathway for active Na ϩ efflux from the CP. The predominant isoform in the choroid cells is the ␣1 Na ϩ -K ϩ -ATPase, whereas all 3 ␣ isoforms are abundant in the brain microvessels. [17] [18] [19] Its predominant location on the ventricular surface of the epithelium provides the driving force for directional transport of Na ϩ into the CSF against an electrochemical gradient. 18 -20 The Na ϩ -K ϩ -ATPase inhibitor ouabain, at 6.7ϫ10 Ϫ5 M, has no effect on the flux of 22 Na ϩ from ventricle to blood but reduces the flux from blood to ventricle by 33% in the CP of frogs. 11 Similarly, 10 Ϫ6 M ouabain added to the artificial CSF used for ventriculo-cisternal perfusion of rabbits reduces the transport of 22 Na ϩ from blood to CSF by 50% to 60%. 21 ICV infusion of ouabain at 10 g/d decreases CSF [Na ϩ ] by 6 to 8 mmol/L in Wistar rats on a high-salt diet. 3 Considering that the role of ENaCs in Na ϩ transport by the CP has not yet been studied at all, the first objective of the current study was to assess in Wistar rats the expression and subcellular distribution of ENaCs in the CP and the effects of blockers of the ENaC and Na ϩ -K ϩ -ATPase on parameters of Na ϩ transport by the CP in vitro. This first set of experiments demonstrated that both the ENaC and Na ϩ -K ϩ -ATPase contribute to Na ϩ transport by the CP. As a second objective, we then evaluated whether aberrant regulation of the ENaC or Na ϩ -K ϩ -ATPase may contribute to the salt-induced increase in CSF [Na ϩ ] in Dahl S rats and assessed the above parameters in Dahl S versus Dahl R rats on a regular or high-salt diet.
Methods

Animals and Protocols
Young 5-to 6-week-old male Wistar, Dahl S (SS/MCW), and Dahl R (SS.BN13) rats received a regular (0.3%, 120 mol of Na ϩ per gram) or high-(8.0%, 1370 mol of Na ϩ per gram) salt diet for 7 to 14 days. For details of methods, see the online Data Supplement at http://hyper.ahajournals.org.
Quantitative RT-PCR
The CP of the lateral ventricles was micropunched for total RNA isolation as described previously. 13 Genomic DNA was removed by DNAse I (Ambion), and cDNAs were synthesized by Superscript II RNase H Ϫ Reverse Transcriptase (Invitrogen). The mRNA abundance of ␣, ␤, and ␥ ENaCs was measured by quantitative real-time PCR. Phospho-glycerate kinase 1 was used as the housekeeping gene. The PCR conditions and external standard for phosphoglycerate kinase 1 and ␣, ␤, and ␥ ENaCs were the same as those described previously. 13 Immunoblotting CP protein extracts (5 g) were run on a 4% to 12% gradient gel (Bio-Rad) by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Bio-Rad). The membrane was probed with the primary antibodies to ␣-ENaC (1:500), ␤-ENaC, or ␥-ENaC (1:1000) 22 overnight at 4°C, followed by goat antirabbit secondary antibody (1:5000; Santa Cruz). ␤-Actin (1:10000) was used as an internal standard to compare band density.
Immunohistochemistry
Immunohistochemistry was performed as described previously 13 using the primary antibodies 22 diluted in blocking solution (1:250 for ␣-and ␥-ENaC; 1:500 for ␤-ENaC) and was processed using the Vectastain Elite ABC kit (Vector Laboratories). Antigen-antibody reactions were developed with Vector diaminobenzidine kit with nickel enhancement. Intensity and percentage area of the staining in CP cells were assessed using Image Pro (version 6.2; Media Cybernetics, Inc). In addition, distribution of the staining in the apical membranes and cytoplasm was assessed blindly by 2 individuals and scored 1 (Ͻ30%), 2 (30% to 70%), and 3 (Ͼ70%) on the basis of the area stained.
Immunoelectron Microscopy
Immunoelectron microscopy was done following standard protocols with the primary antibodies diluted in 0.1% BSA in PBS (1:100). The number of gold particles (per 100 m 2 ) in the cytoplasm, apical, or basal membrane was counted in cells having intact morphology (4 to 8 per rat). Approximately 4000 immunoelectron microscopy fields were quantified.
Studies With Isolated CP
The CP of lateral ventricles was quickly removed after decapitation and stored on individual snap-well inserts (Corning) of 6-well culture plates. The insert and well were filled with 500 and 2000 L, respectively, of artificial cerebrospinal fluid (aCSF) or aCSFϩdrug.
Uptake of 22 Na
؉ From each rat, 1 CP was bathed in aCSF as a control and the contralateral CP was bathed in aCSF containing drugs: benzamil (1, 10, or 100 nM), ouabain (1 mmol/L or 1 mol/L), ethyl isopropyl amiloride (EIPA; 1 mmol/L), or both benzamil and ouabain for 2 hours. Each CP was then put in 0.5-mL Eppendorf tubes containing 250 L of the same incubation solution with 1 Ci/mL of 22 Na ϩ and incubated for 30 seconds. Activity of 22 Na ϩ was assessed on a liquid scintillation counter (1219 RackBeta) and is expressed as counts per minute per 100 g of CP. Retention of 22 Na ϩ was negligible in CP briefly dipped in aCSF containing 22 Na ϩ . The amount of retained 22 Na ϩ increased with increasing duration of incubation and approached a steady-state volume of distribution (V d ) within 1 minute ( Figure S1 in the online Data Supplement), with no further uptake beyond 1 minute.
Measurement of Intracellular [Na
The CPs were first loaded with 10 mol/L of Sodium Green (Molecular Probes). After 3 washes in aCSF, the CPs were divided into 3 to 5 pieces and put in aCSF or aCSF containing drugs as above for 2 hours. After the incubation period, each piece was transferred to glass coverslips and viewed in an inverted epifluorescence microscope. Sodium Green was excited by an Argon Laser at 488 nm, and emissions between 500 to 560 nm were assessed. Figure S2 ).
Statistical Analysis
Data are expressed as meanϮSEM. Effects of individual drugs on Na ϩ transport in Wistar rats were assessed by paired t test. The effects of diet and strain on gene expression and parameters of Na ϩ transport were evaluated by 2-way ANOVA. Effects were considered statistically significant at PϽ0.05.
Results
Expression and Subcellular Distribution of ENaCs in the CP
Both mRNA and protein of all 3 of the ENaC subunits were expressed in the CP of all 3 of the rat strains studied. Figure 1A shows the major bands detected by the antibodies in the kidney (as positive control) and the CP of Wistar rats: Ϸ80 and 37 kDa for ␣-ENaC, Ϸ85 kDa for ␤-ENaC, and Ϸ90 and 70 kDa for ␥-ENaC. Immunoreactivity was present in Ͼ70% of CP cells and was most prominent in the apical membranes and cytoplasm ( Figure 1B) . Similarly, at the subcellular level, Ϸ35% of ␣-ENaC and Ϸ15% to 20% of ␤-and ␥-ENaCs were in the apical microvilli, only Ϸ5% to 10% in the basolateral membranes and the remainder in the cytoplasm ( Figure 1B ).
Na
؉ Transport in the CP Figure 2 shows the effect of various drugs on the retention of 22 Na ϩ by the CP in Wistar rats on a regular salt diet. Ouabain (1 mol/L), which blocks ␣ 2 and ␣ 3 Na ϩ -K-ATPase, did not affect the amount of 22 Na ϩ retained, whereas 1 mmol/L of ouabain, which blocks all of the ␣ isoforms, increased retention by Ϸ40%. Benzamil (1 nM) did not have a significant effect, but there was a dose-dependent decrease in the amount of retained 22 Na ϩ with 10 and 100 nM benzamil. To minimize the possible involvement of other channels, further experiments were continued using only the lowest effective dose of benzamil (10 nM). This dose of benzamil decreased retained 22 Na ϩ in the CP at 30, 45, and 60 seconds by 18%, 20%, and 25%, respectively ( Figure S1 ). Combining 1 mmol/L of ouabain and 10 nM benzamil together caused no overall change in the amount of retained 22 Na ϩ ( Figure 2 ). The NHE blocker EIPA at 1 mol/L had minimal effect (Ϸ10% decrease) on retained 22 Na ϩ . Intensity of the Sodium Green ( Figure S3 Effect of drugs on retained 22 Na ϩ by the CP of Wistar rats: 1 mmol/L of ouabain increased 22 Na ϩ content by Ϸ40% (nϭ5 to 8). Benzamil (1 nM) did not have a significant effect, but higher doses decreased 22 Na ϩ content in a dose-dependent manner (nϭ8 to 14). The benzamil-induced decrease was not seen in the presence of ouabain (nϭ7). EIPA (1 mol/L) caused a minimal decrease in 22 Na ϩ content (nϭ3). Values are meanϮSEM as percentage changes vs control. *PϽ0.05 vs control. 
Effect of High-Salt Diet on ENaC Expression in Dahl Rats
Abundance of ␣-ENaC mRNA was similar in Dahl R and S rats, but the abundance of both 80-and 37-kDa protein fractions of ␣-ENaC was higher in Dahl S than in Dahl R rats.
Relative abundance of the 37-and 80-kDa fractions of ␣-ENaC was similar in S and R rats (Table and Figure 3 ). Immunoreactivity to ␣-ENaC showed low staining intensity and was similar in R and S rats. High-salt diet did not affect ␣-ENaC mRNA abundance, protein quantity, or immunodensity in either strain (Table and Figure 3 ). ␤-ENaC mRNA was Ϸ2-fold less, whereas ␤-ENaC protein abundance was similar and immunoreactivity greater in the apical membrane in the CP of Dahl S versus R rats (Table and Figure 3 ). High-salt diet did not affect ␤-ENaC mRNA or Figure 3 . Immunoreactivity to ␤-and ␥-ENaC in the choroid plexus of S and R rats on regular or high-salt diet for 2 weeks: immunoreactivity is greater in both the apical membrane and cytoplasm of S vs R rats. High salt does not affect immunoreactivity in either strain (nϭ4 to 6). Insets show meanϮSEM for percentage of CP area stained. *PϽ0.05 S vs R rats. Immunoreactivity to ␣-ENaC was low (see Table) and is not shown.
protein abundance in Dahl R and S rats, and the higher immunoreactivity in the Dahl S rats persisted on a high-salt diet (Table and Figure 3) . Abundance of the mRNA and the 90-kDa and 70-kDa bands of ␥-ENaC was similar, whereas immunoreactivity to ␥-ENaC was higher in both apical membranes and cytoplasm of CPs of Dahl S versus R rats. A high-salt diet tended to lower (Pϭ0.08) ␥-ENaC mRNA but did not affect protein abundance or distribution (Table and Figure 3 ). Figure S4 shows the actual Western blots in Dahl rats on regular and high salt.
Effect of High-Salt Diet on Na
؉ Transport in the CP On regular salt, the amount of retained 22 Na ϩ ( Figure 4 ) was lower in the CP of Dahl S versus Dahl R rats, whereas [Na ϩ ] i ( Figure 5 ) was similar. Benzamil decreased retention of 22 Na ϩ and [Na ϩ ] i to the same extent in both strains ( Figures  4 and 5) . Ouabain increased the amount of retained 22 Na ϩ by Ϸ40% (Figure 4 ) in rats on a regular salt diet but increased [Na ϩ ] i only in Dahl R rats ( Figure 5 ). A high-salt diet significantly increased [Na ϩ ] i ( Figure 5 ) and lowered the amount of retained 22 Na ϩ in R rats only ( Figure 4 ). The decrease in retention of 22 Na ϩ and in [Na ϩ ] i by benzamil was not affected by a high-salt diet in either strain. However, high salt attenuated the ouabain-induced increase in 22 Na ϩ retention by Ϸ50% in Dahl R rats and, if anything, enhanced the effect in Dahl S rats (Figure 4) . The ouabain-induced increase in [Na ϩ ] i was also less in Dahl R rats on high salt, whereas in Dahl S rats this response remained absent ( Figure 5 ). Dahl R and Wistar rats showed the same pattern of responses to high salt ( Figure S5 ).
Discussion
The major findings of the current study are that, in the epithelial cells of the CP, ENaC is prominent on the apical microvilli and contributes to Na ϩ transport. Both benzamilblockable Na ϩ influx and ouabain-blockable efflux contribute to Na ϩ transport across the CP. On regular salt, the amounts of retained 22 Na ϩ and ouabain-induced increase in [Na ϩ ] i are both lower in Dahl S rats. High-salt diet increases [Na ϩ ] i and decreases the amount of retained 22 Na ϩ and ouabain-blockable efflux only in R rats. The effects of benzamil were not dependent on strain or dietary salt. Figure  6 provides a schematic outline of the main locations of ENaC and Na ϩ -K ϩ -ATPase in CP cells and their possible roles in Na ϩ transport across the CP in Dahl S versus R rats, as will be discussed in detail.
Sodium Transport in the CP
Benzamil dose-dependently blocks a number of channels, including ENaC, acid-sensing ion channel, NHE, and Na ϩ -Ca 2ϩ exchanger channel. 23 However, it has the highest potency for ENaCs. 23 At the nanomolar concentration used in the current experiments, the benzamil blockade can be assumed to be limited to ENaCs. 23 The specific NHE blocker EIPA at a high concentration of 1 mol/L decreased retained 22 Na ϩ only by Ϸ10%, whereas benzamil at 10 nM caused a 25% decrease, suggesting that a significant portion of the The choroid cells in CP express the ␣1, ␤1 and ␤3 subunits of the Na ϩ -K ϩ -ATPase, whereas the blood vessels express all of the ␣1 to ␣3 and ␤1 to ␤3 subunits. 24, 25 In the current study, 1 mol/L of ouabain, which blocks the ␣2 and ␣3 subunits, did not have a significant effect on retained 22 Na ϩ , but 1 mmol/L of ouabain increased retention by 40% and increased [Na ϩ ] i by Ϸ50%. This finding indicates that ouabain inhibits the efflux by blockade of the ␣1 subunit of Na ϩ -K ϩ -ATPase predominantly in the CP cells. Blockade of the enzyme by ouabain, together with blockade of ENaC by benzamil, resulted in unchanged 22 Na ϩ retention and [Na ϩ ] i , indicating that, similar to renal epithelia, 26 ENaC-mediated influx and Na ϩ -K ϩ -ATPase-dependent efflux jointly contribute to Na ϩ transport across the choroid epithelial cells.
ENaC Localization and Expression in the CP
In absorbing epithelia of the kidneys and colon, ENaC is expressed on the luminal surface, where it mediates the final steps of Na ϩ reabsorption. 16 The basolateral Na ϩ -K ϩ -ATPase generates the electrochemical gradient required for ENaC-mediated Na ϩ transport. 26 In the CP, Na ϩ -K ϩ -ATPase is localized mainly on the microvilli and contributes to Na ϩ secretion into the CSF, and its blockade clearly lowers CSF [Na ϩ ]. 3 However, in contrast to the pattern in renal epithelia, we demonstrate by electron microscopy that, in Wistar rats, only 5% to 10% of the ENaC is localized on the basolateral membrane and 15% to 30% is expressed on the microvilli. This pattern is similar to that in the ciliary body of the eye, where ENaC appears to contribute to Na ϩ reabsorption from the aqueous humor. 27, 28 Therefore, ENaC might contribute to Na ϩ influx into choroid cells primarily from the CSF and, to a lesser extent, from the blood. Additional studies are clearly required to elucidate the mechanisms that regulate cellular distribution and function of ENaC in the CP, which may involve functions 29 -31 other than Na ϩ -transport. Dahl and Wistar rats showed a similar pattern for ENaC localization. On a regular salt diet, components of ENaC expression appeared to be higher in S versus R rats, that is, higher protein abundance for ␣ and higher staining intensity for ␤ and ␥ subunits. This pattern was not influenced by high-salt diet and may indicate a higher ENaC activity in S versus R rats. Figure 6 . Schematic outline of the location of ENaC and Na ϩ -K-ATPase in CP cells and their possible role in Na ϩ -transport across the CP in Dahl S and R rats on regular or high-salt diet. Top, CP of Dahl S and R rats on regular salt: (1) enhanced basal Na ϩ influx and apical efflux in S vs R; (2) similar apical Na ϩ efflux by Na ϩ -K-ATPase into CSF in S and R rats; and (3) greater apical ENaC expression and activity (?) in S vs R rats. Bottom, Dahl S and R rats on high salt: (1) enhanced basal Na ϩ influx persists in S vs R rats; (2) apical Na 
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Na ؉ Transport in the CP of Dahl R and S Rats
Most interestingly, on regular salt, retention of 22 Na ϩ was lower but [Na ϩ ] i was similar in the CP of S versus R rats. Considering also that CSF uptake of IV 22 Na ϩ is enhanced in vivo in S versus R rats, 4 these findings may reflect enhanced Na ϩ transport across the CP. Such enhanced transport may be because of increased activity of Na ϩ -K ϩ -ATPase associated with increased influx through Na ϩ channels, such as the ENaC in S rats. However, the benzamil-induced decreases in 22 Na ϩ uptake and in [Na ϩ ] i were similar between the 2 strains. It appears that the higher abundance of ENaCs at the apical membranes in S versus R rats does not lead to significantly higher activity and Na ϩ influx. Alternatively, blockade by benzamil of higher ENaC-dependent influx at the apical membrane may be offset by a larger non-ENaCdependent influx at the basolateral membranes of S rats. Ouabain also similarly increased 22 Na ϩ retention in S and R rats, consistent with a similar role for Na ϩ -K ϩ -ATPase in efflux in the 2 strains. However, ouabain increased [Na ϩ ] i only in R rats and not at all in S rats. The increase in 22 Na ϩ retention but absence of an increase in [Na ϩ ] i by ouabain in S rats may, therefore, reflect enhanced turnover of Na ϩ i , that is, larger influx and efflux, with the latter not dependent on Na ϩ -K ϩ -ATPase. Additional studies are required to elucidate the actual mechanisms for this enhanced influx and efflux in S versus R rats.
High Salt Lowers Na
؉ -K ؉ -
ATPase-Mediated Efflux in R But Not S Rats
A high-salt diet increased [Na ϩ ] i by Ϸ30% and decreased retained 22 Na ϩ by Ϸ20% in R rats but caused no changes in S rats. In renal epithelia, an increase in [Na ϩ ] i would be compensated by greater activity of Na ϩ -K ϩ -ATPase to maintain [Na ϩ ] i , cell volume, and osmolarity. In the CP of Dahl R rats on high salt, the opposite appears to occur. High-salt diet markedly decreased the ouabain-sensitive component of efflux and the further increase in [Na ϩ ] i . Such a decrease in Na ϩ -K ϩ -ATPase activity in the CP of R rats on a high-salt diet might be a mechanism to prevent increases in CSF [Na ϩ ] and resultant sympathoexcitation and hypertension. The mechanism(s) responsible for this decrease in activity still need to be explored, and these studies may lead to new insights into the salt resistance of, for example, R rats, and, by extension, humans. In the current experimental design, any endogenous inhibitor of enzyme activity should have dissociated by the Ϸ2 hours preincubation. Mechanisms causing a decrease in expression appear to be more likely.
In contrast to Dahl R, in S rats, high salt failed to inhibit ouabain-dependent Na ϩ transport and, if anything, caused a moderate increase. This enhanced activity or increased expression of the pump may reflect a primary abnormality of mechanisms regulating the pump in Dahl S rats as compared with R or Wistar rats. 32, 33 A persistent high activity of the pump would contribute to an increase in CSF [Na ϩ ], resulting in increased release of ouabain-like compounds ("ouabain") 34 to inhibit this increase in pump activity 32 and to blunt the increase in CSF [Na ϩ ]. 3 Alternatively, CSF [Na ϩ ] may increase through other mechanisms, and the resultant increase in concentration of ouabain would also inhibit the pump but also enhance Na ϩ -K ϩ -ATPase expression in the CP through negative feedback. 35, 36 In the current experimental design, any endogenous ouabain should have dissociated by Ϸ2 hours preincubation, 36 thereby exposing the uninhibited pump activity. In support of this second possibility, despite the somewhat larger inhibition of efflux by ouabain in S rats on high salt, ouabain still did not increase [Na ϩ ] i . This pattern of changes is consistent with this second possibility and the above-stated conclusion of enhanced efflux of Na ϩ (into the CSF) in S rats not dependent on Na ϩ -K ϩ -ATPase. Additional studies, including molecular biology approaches, will provide further insights in this regard.
The present studies on Na ϩ -transport in the CP of Dahl rats appear to point to mechanisms contributing to an increase in CSF [Na ϩ ] and thereby possibly to hypertension in Dahl S rats on a high-salt diet. Dahl SS/MCW clearly differed from Dahl SS.BN13 37 rats, whereas the latter responded similar to Wistar rats as another control strain. Additional studies in congenic or consomic strains are needed to assess whether these CP mechanisms indeed track the CSF [Na ϩ ] and hypertension.
Perspectives
Being the prime source of CSF, Na ϩ transport mechanisms in the CP are important in the regulation of CSF [Na ϩ ]. The current study suggests aberrant regulation of Na ϩ transport and of Na ϩ -K-ATPase in the CP of S rat, that may contribute to the increase in CSF [Na ϩ ] in this strain on a high-salt diet. Future studies using microarrays and tissue arrays in the early phase of a high-salt diet might elucidate the possible mediators of this abnormal Na ϩ transport and identify new candidate genes causing the increase in CSF [Na ϩ ] and hypertension in S rats on a high-salt diet, as well the salt resistance of Dahl R rats.
Methods
Animals and protocols
Young, (3-4 weeks old) male Wistar, Dahl S and Dahl R rats were purchased from Charles River Canada Inc (Montreal, Canada). Rats were housed two per cage under standard conditions on a 12 hr light -dark cycle at 24qC. All procedures were approved by the Animal Care Committee of the University of Ottawa. After an acclimatization period of ~1 week the animals were placed on regular (0.3%, 120 μM Na + /gm) or high (8%, 1370 μM Na + /gm) salt diet for 7-14 days. The 7-day time point was used for activity assays to identify early changes in Na + transport. The 14 day time point was used for expression profiling to elucidate more stable changes in expression. At the end, the CPs were dissected under a microscope and were processed for 22 Na + uptake and sodium green studies. In separate groups of rats, the brains were used for RNA extraction, immunohistochemistry and EM studies.
Quantitative RT-PCR
After perfusion with chilled diethyl pyrocarbonate (DEPC, Sigma, St. Louis, MO) treated phosphate-buffered saline (PBS, pH 7.4), the brains were removed and snap-frozen in liquid nitrogen and then stored at -80 o C. Serial 80 Pm thick coronal slices were cryosectioned. The CP of the lateral ventricles was micro-punched for total RNA isolation as described previously [1] . Genomic DNA was removed by DNase I (Ambion, Austin, TX) and cDNAs were synthesized by Superscript II RNase H -Reverse Transcriptase (Invitrogen, Burlington, ON, Canada). mRNA abundance of D, E and J ENaC subunits was measured by quantitative real-time PCR. Supplement table 1 shows the primers used. Phospho-glycerate kinase 1 (PGK1) was used as the house keeping gene. The PCR conditions and external standard for PGK1, D, E and J ENaC subunits were the same as previously described [1] . Immunoblotting Isolated whole CPs and macroscopically dissected renal cortex were homogenized in ice-cold isolation solution containing 300 mM sucrose and 10 mM triethanolamine, pH 7.5, containing 1% of protease inhibitor cocktail (Sigma, St. Louis, MO). The homogenate was spun at 1000 g for 20 minutes at 4 o C, the supernatant was collected and protein concentration was measured using BCA assay (Pierce biotechnology, Rockford, IL). 5 (CP of Dahl rats) or 25 (CP of Wistar rats) ȝg protein were run on a 4-12% gradient gel (Bio-rad) by SDS-PAGE, and the proteins were transferred onto a PVDF membrane (Bio-Rad, Hercules, CA). After blocking with BSA in Tris-buffered saline-Tween (TBST), the membrane was probed with the primary antibodies to DENaC (1:500), E ENaC or J ENaC (1:1000) [2, 3] overnight at 4 o C, followed by goat anti-rabbit secondary antibody (1:5000, Santa Cruz). The antibodies detected bands at ~80 and ~37 kDa for Į ENaC, ~85 kDa for ȕ ENaC and ~90 & ~70 kDa for Ȗ ENaC; which were abolished by coincubation with the immunizing peptide. The stripped membrane was re-probed with mouse anti ȕ actin (1:10000) and sheep anti-mouse (1:10000) as an internal control. The signal was developed with the ECL + system (Perkin Elmer, Shelton, CT) and visualized by an Alpha Innotech imager. Band densities were quantified by Alpha Ease software (Alpha Innotech, San Leandro, CA).
Immunohistochemistry
Brains were perfusion-fixed with 4% paraformaldehyde and 0.05% glutaraldehyde in PBS (pH 7.4). 5 Pm coronal slices were collected on superfrost plus slides. Immunohistochemistry was performed as previously described [1] . Briefly, slides were incubated in 1% sodium-borohydride in PBS for 20 minutes, 0.5% H 2 O 2 in 20% methanol for 30 minutes, followed by incubation in blocking solution (1% BSA & 3% goat serum in PBS). Sections were then incubated with the primary antibodies [2] diluted in blocking solution (1:250 for Į, Ȗ or 1:500 for ȕENaC) overnight and processed using the Vectastain Elite ABC kit (Vector Laboratories, Burlington, ON, Canada) by incubating with the biotinylated secondary antibody for 1 hour and with biotinylated horseradish peroxidase for another 1 hour. Antigen-antibody reactions were developed with Vector DAB kit with Nickel enhancement. Complete labeling of a section was confirmed by the presence of uniform DAB label intensity in most parts. For semi-quantification, images were captured in .tiff format using Spot digital camera and Spot software with a high resolution bright field transmitted light microscope (Olympus Bu60). Assessment was done for intensity and percent area of staining as well as relative cellular distribution. Intensity and percent area of staining were assessed by Image Pro (6.02). The cutoff for measurement was adjusted to include positive staining but exclude the background and was kept constant for all sections. Mean intensity of staining was not different between groups. Cellular distribution in the apical membranes or in the cytoplasm was assessed blindly by two individuals. Abundance of staining was graded as 1 if <30% , 2 if 30-70% and 3 if >70% of cells in each area showed prominent immunoreactivity in the area assessed. The averages of at least 6 individual measurements from different sections in each rat were used. o C. Thin sections were mounted on Formvar coated nickel grids and placed onto drops of 1% BSA for 30 min. Without rinsing, the grids were then placed onto drops of primary antibodies diluted in 0.1% BSA in PBS (1:100) and incubated overnight at 4 o C. Subsequent to rinsing in PBS the grids were incubated at room temperature for 1 hour on drops of secondary goat anti-rabbit IgG conjugated to 15 nm gold particles (1:100, EY Laboratories, San Mateo, CA). Grids were counterstained with 3% uranyl acetate and lead citrate. Sections were imaged in a Jeol 1230 TEM using AMT software. Low magnification (1000u) images were used for area calculation by Image Pro. No gold particles could be seen when primary antibody was omitted. Number of gold particles (per 100ȝm
Immuno electron microscopy
2 ) in the cytoplasm, apical or basal membrane were counted from highly magnified images (8000-20000u) using ACDSee software in cells having intact morphology (4-8 per rat). A total of ~4000 EM fields were quantified.
Studies with isolated CP
Pilot experiments showed that in male rats effects of drugs were most consistent in the afternoon between 2:00-4:00 pm. This time frame was therefore chosen for tissue collections. Briefly the rats were decapitated, the brains removed quickly and kept in cold aCSF. The CP of lateral ventricles was then removed quickly under a microscope and stored on individual snap well inserts (Corning Inc., Corning, NY) in 6 well culture plates. The insert and well were filled with 500 and 2000 μl respectively of aCSF or aCSF+drug. In preliminary experiments >70% CP cells were found to be alive for upto 6 hours after isolation in viability assessments on a BeckmanCoulter cell counter. All experiments were performed within 2-3 hours during which the oxygenation and pH (7.3-7.4) was maintained by constant bubbling of the well solution with 5% CO 2 and 95% O 2 . Temperature was maintained at 37° C with a slide warmer or chamber heater. Uptake of 22 Na + : Procedures were adapted from Murphy and Johanson [4] . From each rat one CP was bathed in aCSF as control and the other in aCSF containing drugs: Benzamil (1, 10 or 100 nM), Ouabain (1 mM or 1 μM), Ethyl Iso-Propyl Amiloride (EIPA, 1 mM) or both Benzamil (10 nM) and Ouabain (1 μM) for ~2 hours. Each CP was then put in 0.5 ml eppendorf tubes containing 250μl of the same incubation solution with 1 μCi/ml of 22 Na + . In initial studies samples were incubated for 0, 15, 30, 45, 60, 90 or 120 sec to assess the time course of uptake (see Fig S1) . The CP was briefly rinsed in excess volumes of aCSF, stretched 5 cm on a glass slide to remove as much as possible of the adherent 22 Na + and then transferred onto pre-weighed aluminium foils. The samples were air-dried, weighed and transferred to scintillation vials containing 7.5 ml of scintillation fluid (CytoScint, IGN). Activity of 22 
Na
+ (counts per minute) was assessed on a liquid scintillation counter (1219 Rackbeta) and expressed as cpm/100 μg of CP. In all subsequent experiments the 30 sec. incubation time was used.
Measurement of intracellular [Na
The CPs were loaded with 10 μM Sodium Green (Molecular Probes, Invitrogen Corp., Carlsbad, CA) in aCSF containing 10 μM pluronic (Molecular Probes) for 1 hour at 37° C. The CPs were then washed 3 times with aCSF, divided into 3-5 pieces and put in control aCSF or aCSF containing drugs as above for 2 hours. Negative controls consisted of CP not loaded with Sodium Green or CP loaded with Sodium Green but incubated in aCSF where Na + was replaced with equimolar NMDG (Sigma). Sodium Green was excited by an Argon Laser at 488 nm and emissions between 500-560 nm were quantified. The same settings were used throughout the experiments. Areas of the CP encompassing 8-10 cells at midsection, with uniform loading and clear outlines were selected for quantification. Cell outline was assessed from the parallel images obtained under bright field optics. Mean fluorescence intensity and percent area were calculated using Image Pro. Photobleaching was minimized by conducting all experiments in minimal light. After the incubation period, the CPs were transferred to glass cover slips and viewed in an inverted epifluorescence microscope with a digital camera linked to a PC running Fluoviewmax software. 
For-5´-ACCCTGAGCAGGAAGGGTAT -3´
Rev-5´-ACAGGAGGCCACTAGCTTGA -3´ 220 bp
Ȗ ENaC
For-5´-CGTCAGTGGCACAAAGCCAA -3´
Rev-5´-GAGAGCCTCCTCAAACCATG -3´ 301 bp
Figure S1
Evaluation of 22 Na + content in the choroid plexus (CP) over time: 22 
